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Transgenic ArabidopsisAscorbate (vitamin C) plays an important role in detoxiﬁcation of reactive oxygen species (ROS) in most living
organisms. Monodehydroascorbate reductase (MDHAR; EC 1.6.5.4) is crucial to regeneration of the oxidized
form of ascorbate (monodehydroascorbate) so that it can be recycled to maintain ROS scavenging ability. The
MDHAR gene from Brassica rapa L. was cloned and introduced into Arabidopsis thaliana (L.) Heynh. to test the
hypothesis that enhanced ROS scavenging activity of BrMDHAR alleviates freezing stress. BrMDHAR was
expressed under the control of either the CaMV 35S promoter or stress inducible SWPA2 promoter. Ectopic
expression of BrMDHAR led to the up-regulation of many antioxidant genes, including APX, DHAR, GR, SOD,
GPX, and PRX Q, which are involved in ascorbate–glutathione cycle. And, transgenic plants showed improved
stress tolerance against freezing with exhibiting higher levels of chlorophyll content and antioxidant molecules
such as ascorbate and glutathione aswell as alleviated redox status andmalondialdehyde contents. These results
suggested that ectopic expression of BrMDHAR conferred improved tolerance to freezing stress not only by
simply recycling ascorbate, but also by inducing co-regulation of the ascorbate–glutathione cycle, which in
turn enhances the antioxidant capacity of the host plants.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
All plants are constantly subjected to environmental stresses such as
drought, salinity, high illumination, ozone, extreme temperature, and
freezing. Among these stressors, freezing temperature is a major factor
limiting the geographical distribution of cultivated plants, as well as
their productivity and growing season (Levitt, 1980; Boyer, 1982).
Freezing acts directly by forming ice masses in the extracellular ma-
trix and tears the cells mechanically by absorption of the cytoplasmic
membrane and cell wall (Olien and Smith, 1977). Moreover, freezing
indirectly results in dehydration due to decreasedwater in the extracel-
lular matrix inducing extreme movement of water (Steponkus, 1984;
Steponkus et al., 1993). A relationship between freezing and oxidative
stresswas demonstrated in studies of injury symptoms in frozenmicro-
somal membranes of winter wheat. Speciﬁcally, changes in free radical
activity detected in vivo and in isolatedmembraneswere observed after
freeze–thaw stress. Moreover, tolerance against freezing stress was
correlated with increased scavenger capacity or ability to detoxify re-
active oxygen species (ROS) (Kendall and McKersie, 1989). Parvanova
et al. (2004) also reported that freezing results in high levels of ROSversity, #1370 Sankyuk-dong,
50 5348; fax: +82 53 953 3066.
y Elsevier B.V. All rights reserved.and malondialdehyde as a result of lipid peroxidation caused by oxida-
tive stress.
Reactive oxygen species (ROS) containing superoxide anions (O2−),
hydrogen peroxide (H2O2), and hydroxyl radicals (OH•) are produced
constantly during normal metabolism in all living organisms in aerobic
environments. Slight alterations in intracellular ROS levels are a signal
in cells that leads to modulation of cell metabolism, gene expression,
and posttranslational modiﬁcation of proteins, which then maintains
redox homeostasis in the organism (Finkel and Holbrook, 2000;
Kannan and Jain, 2000). Taken together, these changes in the cell
show the importance of ROS in the regulation of normal cellular
functions. However, when ROS exist in excess of the cellular antiox-
idant capacity, oxidative damage occurs via an imbalance in cellular
homeostasis (Lamb and Dixon, 1997).
Produced ROS react with DNA, protein, carbohydrate, and lipid
instantaneously, resulting in rapid cell damage (Inze and Montagu,
1995). To protect themselves from ROS, plants have developed
non-enzymatic and enzymatic protection mechanisms. Antioxidant
metabolites and antioxidant enzymes function to interrupt the cas-
cades of uncontrolled oxidation, and these defense mechanisms are
suitable for ROS neutralization.
Efﬁcient ROS detoxiﬁcation occurs through the action of several
antioxidant enzymes instantaneously (Noctor and Foyer, 1998).
Superoxide dismutase (SOD; EC 1.15.1.1) converts superoxide anion
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converted to H2O through the action of catalase (CAT; EC 1.11.1.6),
which has a relatively low substrate afﬁnity (Willekens et al., 1995).
Alternatively, H2O2 is destroyed by peroxidase, which has a much
higher afﬁnity but requires a reductant (Jimenez et al., 1997). Peroxidase,
which uses reduced glutathione (GPX; EC 1.11.1.9), plays an im-
portant role in H2O2 detoxiﬁcation, especially in animals (Meister,
1994). In plant cells, ascorbate peroxidase (APX; EC 1.11.1.11) is a
major scavenger of H2O2 that uses ascorbate as a reducing substrate
to convert it to H2O (Foyer and Mullineaux, 1994). In this reaction,
ascorbate is oxidized to monodehydroascorbate (MDHA), which
has a short half-life, and if MDHA is not reduced properly by
monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), it is oxidized
to dehydroascorbate (DHA) spontaneously. DHA is reduced to ascor-
bate through a GSH-dependant reaction by dehydroascorbate reductase
(DHAR; EC 1.8.5.4) (Foyer and Halliwell, 1976), which generates gluta-
thione disulphide (GSSG, the oxidized form of glutathione). GSSG is
reduced by glutathione reductase (GR; EC 1.6.4.2) using NADPH as
the electron donor. These series of reactions scavenging ROS as de-
scribed above are known as the ascorbate–glutathione cycle (Foyer
and Mullineaux, 1994). In plant cells, the most important antioxi-
dant for H2O2 detoxiﬁcation is ascorbate (Nakano and Asada, 1987;
Mehlhorn et al., 1996). MDHA is a primary product resulting from
the oxidation of ascorbate for the scavenging of H2O2 to protect
cells from ROS-induced oxidative damage (Hossain and Asada, 1984).
Because the redox potential of the MDHA/ascorbate pair (320 mV) is
higher than that of the DHA/ascorbate pair (60 mV) at pH 7.0 (Sapper
et al., 1982), ascorbate is preferentially oxidized to MDHA rather than
to DHA. For this reason, the capacity of theMDHAR tomaintain an ascor-
bate pool using NAD(P)H as the reductant is very important in plants.
Monodehydroascorbate reductase (MDHAR; EC 1.6.5.4.) is a ﬂavin
adenine dinucleotide enzyme that contains a thiol group in the catalytic
site (Hossain et al., 1984; Hossain and Asada, 1985). It has been sug-
gested thatMDHAR activity occurs in several cell compartments includ-
ing the chloroplast (Hossain et al., 1984),mitochondria and peroxisome
(Jimenez et al., 1997; Mittova et al., 2003), and cytosol (Dalton et al.,
1993). MDHAR has been puriﬁed from cucumber (Cucumis sativus)
fruits (Hossain and Asada, 1985), soybean (Glycin max) root nodules
(Dalton et al., 1992) and potato (Solanum tuberosum) tubers (Borraccino
et al., 1986), and its cDNA has been cloned from numerous species,
including pea (Pisum sativum L.) leaves (Murthy and Zilinskas, 1994)
and tomato (Lycopersicon esculentum Mill.) fruit (Grantz et al., 1995).
MDHAR activation has been described in response to several stress
conditions. For instance, it has been reported in Arabidopsis following
exposure to high light intensity, cadmium (Leterrier et al., 2005) and
UV-B radiation (Kubo et al., 1999), in tomato in response to salinity
(Mittova et al., 2003) and high light intensity (Gechev et al., 2003), in
rice after exposure to low temperatures (Oidaira et al., 2000), and in
Scots pine during cold accumulation (Tao et al., 1998). Moreover, an in-
crease in MDHAR activity has been observed in response to metabolic
processes during the maturation of pepper (Capsicum annuum) fruits
(Imahori et al., 1998).
Brassica rapa L. is a variouswidely cultivated subspecies in theworld
(Suwabe et al., 2006). Because it is variously available and broadly
consumed crop, B. rapa has priority to study the function of their
genes following the analysis of their genome sequences which has
been actively investigated recently (Wang et al., 2011). B. rapa is a sub-
arctic plant that shows optimum growth at 18–21 °C, thus it is suitable
to conﬁrm the function of antioxidant enzymes to conferring toler-
ance against freezing stress. Also, B. rapa is the same family with
Arabidopsis thaliana (L.) Heynh. which is optimized model plant to
perform genetic and functional study of various valuable genes.
With homologous sequence in gene but not identical, we thought
that overexpression of B. rapa gene in transgenic Arabidopsis was
ideal to examine the function of gene and its physiological mecha-
nisms without RNA interference.We previously investigated the MDHAR gene isolated from B. rapa
(BrMDHAR, accession no. AY039786) and observed a change in tran-
script levels in response to conditions resulting in oxidative stress
such as the presence of H2O2, salicylic acid, paraquat, and ozone
(Yoon et al., 2004). To further understand the function of BrMDHAR
involved in antioxidant mechanisms as well as stress tolerance,
we established a transgenic Arabidopsis overexpressing BrMDHAR
controlled by either the CaMV 35S promoter (constant expression) or
SWPA2 promoter (peroxidase promoter from sweet potato, oxidative
stress-inducible expression) (Kim et al., 2003), analyzed changes in
expression of cell rescue proteins and metabolic contents involved in
antioxidative mechanisms, and veriﬁed the acquired tolerance follow-
ing the improved redox state and increased biomass against freezing-
induced oxidative stress.
2. Materials and methods
2.1. Plasmid construction and Agrobacterium-mediated transformation
Total RNA was extracted from B. rapa L. leaves using an RNeasy®
Plant Mini Kit (Qiagen), and 2 μg of RNA was used to synthesize cDNA
using the Superscript III First-Strand Synthesis System (Invitrogen).
The region coding theMDHAR gene (accession no. AY039786) was am-
pliﬁed by PCR using Ex Taq™ polymerase (Takara) and the following
speciﬁc primers for the BrMDHAR gene: BrMDHAR, 5′-CGGGTACC
AAATGGCGGAGAAG-3′ (forward) and 5′-TCAGATCTTAGCAGCAAATG
AG-3′ (reverse). The ampliﬁed region coding the MDHAR was cloned
into the pH2GW7.0 binary vector (Karimi et al., 2002), which was
constructed to control cloned genes under the CaMV 35S promoter
naturally. The plasmid was also reconstructed to place the inserted
gene under control of the oxidative stress inducible promoter, SWPA2
(oxidative stress-inducible peroxidase promoter from sweet potato).
Each plasmid harboring the CaMV 35S and SWPA2 promoters was
transformed into Agrobacterium tumefaciens GV3101 by the freeze–
thaw method (Chen et al., 1994). The recombinant plasmids were
introduced into Arabidopsis (A. thaliana (L.) Heynh., ecotype Columbia)
plants using the Agrobacterium-mediated transformation method
(Clough and Bent, 1998).
2.2. Plant growth conditions and selection of transgenic plants
The Arabidopsis ecotype Columbia seeds on MS medium were
vernalized at 4 °C for two days before being subjected to growth con-
ditions (25 °C, 100 μmol m−2 s−1 with 16 h light, 8 h dark cycle).
The 7-day-old Arabidopsis seedlings were transferred into pots
with a soil mixture (Sunshine Mix #5: vermiculite = 3:1) and then
cultivated in a growth room (22 °C, 100 μmol m−2 s−1 under a 16 h
light, 8 h dark cycle).
Hygromycin resistance supplied from the binary vector pH2GW7.0
was tested to select transgenic plants. Plants resistant to hygromycin
had the BrMDHAR gene with its corresponding promoter introduced
into the plant genomic DNA. Fifty plants of independent transformed
lines (T1) were selected, and the generation of T3 homozygous plants
was used for subsequent experiments that included stress tolerance
assays. More than ten independent lines selected at random showed
tolerance against oxidative stress, and the experimentswere performed
using two plants of independent transformed lines.
The knock-out plants with a T-DNA insertion in the A. thaliana
MDHAR1 gene (SALK_034893C) were purchased from the Salk Institute
for Biological Studies.
2.3. RNA extraction and semi-quantitative RT-PCR
Total RNA was extracted from transgenic plants using an RNeasy®
Plant Mini Kit (Qiagen), after which cDNA was synthesized with
Superscript™ III Reverse Transcriptase according to the manufacturer's
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PCR using gene speciﬁc primer sets. The primers for the different
genes were as follows: BrMDHAR-speciﬁc, 5′-TAGTCAAGGAGTTAAA
CCAGGG-3′ (forward) and 5′-TGTCGGCTTCTAGCGACCTT-3′ (reverse);
AtMDHAR1-speciﬁc, 5′-AAGGATGGGAGGACATTGGA-3′ (forward) and
5′-GAAATTCCTTGTTTCACGAGC-3′ (reverse); both MDHAR, 5′-GGTTT
CCATTGCTGTGTTGG-3′ (forward) and 5′-CGCCTTAACAGCTTGCTCTG-
3′ (reverse); and Tubulin5, 5′-AGACTGGAGCTGGGAAGCAT-3′ (forward)
and 5′-CAAGAAGGGAATGCGTTGAA-3′ (reverse). The PCR amplicon of
Tubulinwas used as a housekeeping control.
2.4. Protein extraction and Western blot analysis
For Western blot analysis of crude extracts, Arabidopsis leaves
(50 mg) were harvested, frozen in liquid nitrogen, and ground to
a ﬁne powder. The protein was extracted as described by Shultz
et al. (2005), with slight modiﬁcation. Protein was quantiﬁed using
BCA™ Protein Assay Reagent (Pierce). SDS-PAGE was conducted as
previously reported (Harlow and Lane, 1988), with some modiﬁca-
tions. Brieﬂy, 30 μg of proteins denatured without heating was
separated on a 12% polyacrylamide gel and transferred to a PVDFmem-
brane (Bio-Rad). The signal intensity of each protein was visualized
using the ECL Western blotting detection reagent (GE Healthcare).
Antibodies to B. rapa MDHAR and O. sativa DHAR were produced in
rabbits hyperimmunized by proteins puriﬁed from Escherichia coli.
APX, GR, SOD, GPX and PRX antibodies were provided by the
Agresera Antibody Shop (http://www.agrisera.com/). The tubulin
antibody for calibration of total protein expression originated
from yeast (Santa Cruz Biotechnology).
2.5. MDHAR activity
Arabidopsis leaves (50 mg) were frozen in liquid nitrogen, ground
to a powder, and homogenized with 1 ml of non-denaturing extraction
buffer (0.1 M Tris–HCl, pH 7.5, 0.7 M sucrose, 0.1 M KCl, 10 mM DTT,
5 mM EDTA, 1 mM PMSF and protease inhibitor cocktails). The slurry
was then incubated on ice for 15 min with shaking and centrifuged at
14,000 g at 4 °C for 15 min. The cleared supernatants (crude extract)
were used immediately for the enzyme assay.
Monodehydroascorbate reductase activity was measured spec-
trophotometrically using a method described by Hossain and Asada
(1984), with some modiﬁcations. Brieﬂy, the assay was conducted
at room temperature with 1 ml of reaction mixture containing 50 mM
potassium phosphate buffer, pH 7.6, 0.1 mMNADH, 2.5 mM ascorbate,
0.5 unit ascorbate oxidase (EC 1.10.3.3., Sigma) and 20 μg of crude
extract. The decrease in absorbance at 340 nm due to NADH oxidation
was monitored.
2.6. Ascorbate and glutathione contents
The ascorbate (AsA) content was assayed using a method described
byGillespie and Ainsworth (2007). Brieﬂy, 50 mg of leaveswas homog-
enized in liquid nitrogen and 2 ml of 6% TCA (w/v) was then added. The
homogenate was subsequently centrifuged at 10,000 g for 10 min at
4 °C, and the supernatant was used for the assay. The AsAmeasurement
was split into reduced AsA and total AsA. The absorbancewasmeasured
at 525 nm.
To determine the glutathione content in leaves, 50 mg of leaves
was homogenized in 500 μl of cold 2% metaphosphoric acid (w/v).
The homogenate was then centrifuged at 10,000 g for 10 min at 4 °C,
and the supernatant was used to measure the GSH contents (Luwe
et al., 1993). Total glutathione (GSH + GSSG) and oxidized glutathione
(GSSG)were assayed spectrophotometrically using the speciﬁc enzyme
method described by Brehe and Burch (1976), whichwas slightly mod-
iﬁed. The change in absorbance at 412 nmwith the addition of 1 μl glu-
tathione reductase (EC 1.6.4.2., Sigma, 250 unit ml−1) was measured.The reduced GSH content was determined by subtracting the GSSG
from the total GSH.
2.7. Redox state analysis
Protein was extracted from Arabidopsis leaves (50 mg) using the
method described in the MDHAR activity section. The intracellular
hydrogen peroxide level was determined by ferrous ion oxidation in
the presence of a ferric ion indicator, xylenol orange (Wolff, 1994).
Brieﬂy, 50 μg of protein extract was added to 1 ml of FOX reagent con-
taining 0.1 mM xylenol orange, 0.25 mM ammonium ferrous sulfate,
100 mM sorbitol, and 25 mM sulfuric acid. The mixture was incubated
at room temperature for 30 min or more, and then centrifuged to
remove any ﬂocculated material before measuring the absorbance
at 560 nm. The concentration of hydrogen peroxide was reported
in nmol mg−1 protein.
For measurements using the oxidant-sensitive probe DCFH-DA
(6-carboxy-2′,7′-dichloroﬂuorescin diacetate, Invitrogen), plant pro-
tein was extracted using cold-PBS buffer, and 10 μM DCFH-DA was
added to 50 μg of protein. The mixture was then incubated for 20 min
at 37 °C in the dark. DCFH-DA-loaded protein was plated into a 96-
well plate and subsequently placed in a microplate reader (Victor3,
PerkinElmer, Inc.). The excitation and emission ﬁlters were set at
485 nm and 530 nm, respectively. The ﬂuorescence from each well
was captured, and the percentage of the change in ﬂuorescence per
well was calculated by the formula [Δ (Ft30 − Ft0)/Ft0 ∗ 100], where
Ft30 = the ﬂuorescence at time 30 min and Ft0 = the ﬂuorescence at
time 0 min (Wang and Joseph, 1999). The relative ﬂuorescence in-
tensity was calculated to be 100% of the untreated wild-type plants.
2.8. Lipid peroxidation (malondialdehyde content)
The level of lipid peroxidation in the leaveswasmeasured in termsof
malondialdehyde (MDA) content according to a method described by
Dhindsa et al. (1981). The absorbance was read spectrophotometrically
at 532 nm, and the value for the non-speciﬁc absorption at 600 nmwas
subtracted. The concentration of MDA was calculated using its extinc-
tion coefﬁcient of 155 mM−1 cm−1 (Heath and Packer, 1968).
2.9. Chlorophyll content
For chlorophyll estimation, 20 mgof plant leaveswas soaked in 1 ml
of ethanol and incubated at 80 °C for 20 min. The supernatant was then
transferred to a new tube, and the process was repeated for the
remaining leaves. Absorbance values were measured at 470 nm,
648 nm, and 664 nm, respectively, and the chlorophyll content was
calculated according to the formula [chloro a = 13.36 ∗ A664 −
5.19 ∗ A648, chloro b = 27.43 ∗ A648 − 8.12 ∗ A664, carotinoid =
(1000 ∗ A470 − 2.14 ∗ chloro a − 97.64 ∗ chloro b) / 209] and re-
ported as mg per ml (Lichtenthaler, 1987).
2.10. Two-dimensional polyacrylamide gel electrophoresis (2-DE) analysis
For 2-DE analysis of crude extracts, Arabidopsis leaves treated by
freezing (1 g) were harvested, frozen in liquid nitrogen, and ground to
a ﬁne powder. The protein was then extracted as described by Shultz
et al. (2005), with some modiﬁcation. The protein concentration was
subsequently measured using a modiﬁed Bradford assay (Ramagli and
Rodriguez, 1985). Brieﬂy, 750 μg of proteins was loaded onto prepara-
tive pH 4–7 IPG strips (17 cm, linear; Bio-Rad) and rehydrated for
16 h at 20 °C under passive conditions. The focusing conditions were
as follows: 250 V for 1 h, 250 V to 10,000 V for 5 h, and 10,000 V for
9 h. After isoelectric focusing (IEF), the gel strips were equilibrated
and SDS-PAGE was conducted on 12% gels. Samples were run at
10 mA per gel for the ﬁrst 1 h, followed by 25 mA per gel, after which
they were stained with Coomassie Brilliant Blue R-250 (CBB R-250)
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be accumulated proteins. Interesting spots were excised from the gel
for subsequent analysis. In-gel digestion and MALDI-TOF MS analysis
were conducted by Genomine Inc. (Korea).2.11. Stress tolerance assay
As described in the Plant growth conditions and selection of
transgenic plants section, Arabidopsis seedlings cultivated in the
growth room (22 °C, 100 μmol m−2 s−1 under a 16 h light, 8 h
dark cycle) for seven days after being transferred to a pot were
used for a freezing tolerance assay in which the seedlings were
subjected to a 16 h-freezing regime at −5 °C. After challenge of
freezing, the seedlings were grown for eight days with sequential
increases in temperature up to 22 °C (0.1 °C min−1). The plants
were then placed back into the growth room and observed for differ-
ences in recovery capacity (tolerance to freezing) among wild-type,
transgenic, and knock-out plants. Fresh weight was calculated in
grams for each plant, excluding the roots.
Arabidopsis seedlings grown in the growth room for seven days after
being transferred into pots with soil were used for the chilling tolerance
assay. The seedlingswere exposed to low temperature for 36 days using
the growth chamber (10 °C, 100 μmol m−2 s−1 with 16 h light, 8 h
dark cycle). Phenotype analysis was conducted at the indicated times.3. Results
3.1. Generation and screening of transgenic Arabidopsis overexpressing B.
rapa MDHAR
The PCR product containing the complete open reading frame of the
B. rapa MDHAR (BrMDHAR) gene was cloned into the binary vector,
pH2GW7.0, which was modiﬁed to regulate the target gene under con-
trol of either CaMV 35S promoter or SWPA2 promoter. The plasmid
constructed without changing any of the amino acids (Fig. 1A) wasFig. 1. Schematic diagram of construction of the vector with the BrMDHAR gene and analysis
was regulated under control of either the CaMV 35S promoter or SWPA2 promoter in the pH2
terminator; RB, right board. (B) Transcriptional analysis was conducted using semi-quantit
overlapping the BrMDHAR and AtMDHAR1 regions (middle panel). Tubulin (Tubulin 5) was u
analysis using anti-BrMDHAR antibody. Anti-Tubulin antibody was used as a housekeeping con
ImageJ analysis program. The independent experiments were repeated four times. WT, wild-t
35S promoter; SMR, transgenic plants overexpressing BrMDHAR under control of the SWPA2 p
plants recovered for eight days after freezing treatment.inserted into the Arabidopsis genome using Agrobacterium (GV3101)-
mediated transformation methods.
The transgenic plants containing the BrMDHAR gene were selected
based on the hygromycin resistance supplied from the binary vector,
pH2GW7.0. The more tolerant transgenic plants among the ﬁfty inde-
pendent transgenic lines were used for subsequent experiments involv-
ing stress tolerance assays. Homozygous transgenic plants of the T3
generation were used in this study.
3.2. BrMDHAR-overexpression in transgenic plants
Overexpression of the BrMDHAR gene in transgenic plants was con-
ﬁrmed by semi-quantitative RT-PCR (Fig. 1B, upper panel). The expres-
sion controlled by the SWPA2 promoter was detected under non-stress
conditions. We assumed that this expression was due to ROS produced
under normal conditions as reported by Noctor and Foyer (1998).
Speciﬁcally, they suggested that copious quantities of ROS are pro-
duced at very high rates, even under optimal conditions. Transcripts
of BrMDHAR gene were not detected in wild type plants using the
speciﬁc primer set for the BrMDHAR gene.
To conﬁrm whether BrMDHAR protein was expressed effectively
in transgenic plants, Western blot analysis was conducted. Brieﬂy,
30 μg of non-boiled protein was loaded because BrMDHAR is unstable
in the presence of high heat (Supporting information Fig. S1A). A pro-
tein corresponding to 47.8 kDA was detected using anti-BrMDHAR an-
tibody (Fig. 1C). As shown in Fig. 1C and D, BrMDHAR overexpression
was similar under either normal or freezing conditions under control
of the CaMV 35S promoter in transgenic plants, whereas BrMDHAR
overexpression under control of the SWPA2 promoter under stress con-
ditions was 1.5-fold higher than under normal conditions. There was a
detectable difference in the accumulation of proteins between normal
and freezing stress in transgenic plants regulated by the SWPA2 pro-
moter, while there was no striking difference under the same condi-
tions in transgenic plants controlled by the 35S promoter.
MDHAR expression was also detected in wild-type plants because
AtMDAHR1 is 92% homologous with BrMDHAR. MDHAR expressionof its expression in transgenic Arabidopsis plants. (A) Expression of the BrMDHAR gene
GW7.0 binary vector. LB, left board; Hyg, hygromycin resistance; p, promoter; T35S, 35S
ative RT-PCR with speciﬁc primer sets including BrMDHAR (upper panel) and MDHAR
sed for normalization. (C) BrMDHAR protein expression was conﬁrmed by Western blot
trol. (D) The expression quantities of BrMDHAR were represented numerically using the
ype plants; CMR, transgenic plants overexpressing BrMDHAR under control of the CaMV
romoter; untreated, plants grown under normal conditions for 14 days; Freezing treated,
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type plants in the presence of freezing. To clearly determine whether
the overexpression of MDHAR in transgenic plants was attributable to
B. rapaMDHAR, AtMDHAR1 speciﬁc- and both BrMDHAR and AtMDHAR1
detectable-primer sets were used. Increased levels of MDHAR tran-
scripts were detected by using both MDHAR detectable-primer sets
(Fig. 1B, middle panel) while there were no detectable changes in
AtMDHAR1 transcripts (data not shown).
When proteins were extracted from AtMDHAR1 knock-out plants,
expression corresponding to BrMDHAR was not observed (Fig. 2B),
and BrMDHAR speciﬁc binding of antibodies was conﬁrmed in an
E. coli expression system (Supporting information Fig. S1A). These
results show that the BrMDHAR gene is effectively overexpressed
under either the 35S promoter or SWPA2 promoter via stable genomic
integration in transgenic plants.Fig. 3. Ascorbate contents in wild-type and transgenic plants. The content was measured
spectrophotometrically at 525 nm. DHA content was calculated by subtraction of reduced
ascorbate (AsA) from total ascorbate. (A) Total ascorbate. (B) Reduced ascorbate. (C) Ratio
of AsA to DHA. The results show the means ± SD from three independent experiments
(P b 0.05).3.3. Functional analysis of BrMDHAR in transgenic plants
To determine if BrMDHAR overexpression was functional in trans-
genic plants, MDHAR activity and ascorbate content were quantiﬁed.
The results showed that transgenic plants had 17%-higher MDHAR
activity than wild type plants (Fig. 2A). Even though the degree of in-
creased activity was slight, the increased activity in the transgenic
plants was consistent. Arabidopsis has six isozymes of MDHAR, and
the MDHAR assay measured for all of them. Therefore, the 17% increase
in activity for MDHARwas sufﬁciently effective in the transgenic plants.
Corresponding to this suggestion, 20%-lower level was represented in
AtMDHAR1 knock-out plants compared to wild-type plants in normal
condition about total MDHAR activity (Fig. 2C).
Ascorbate, the end product of MDHAR activity, was also measured.
A high level of ascorbate was measured in BrMDHAR transgenic plants
under control of the SWPA2 promoter. The amount of reduced ascor-
bate (AsA) was 1.3-fold higher in transgenic plants controlled by the
SWPA2 promoter than wild-type plants under freezing conditions
(Fig. 3B), and the ratio of AsA to oxidized AsA (DHA)was 1.5-fold higher
in transgenic plants controlled by the SWPA2 promoter compared to
wild-type plants (Fig. 3C). Similar to the transgenic plants with the
SWPA2 promoter, an increased level of AsA content (1.2-fold) and
ratio of AsA to DHA (1.3-fold) was measured in transgenic plants with
the CaMV 35S promoter relative to wild-type plants. These results indi-
cate that overexpression of BrMDHAR contributed to the increase in
ascorbate content in transgenic plants with either the CaMV 35S pro-
moter or SWPA2 promoter under freezing stress when compared to
wild-type plants. Ascorbate regeneration via the SWPA2 promoter
was more effective than via the CaMV 35S promoter.Fig. 2. Enzyme activity assay of MDHAR proteins in wild-type, transgenic and AtMDHAR
oxidation spectrophotometrically. The activity was represented as nmol per mg protein.
Western blot analysis using anti-BrMDHAR antibody. (C) Total MDHAR enzyme activit
means ± SD from three independent experiments.3.4. Redox status
Since freezing has been reported to induce oxidative stress (Kendall
and McKersie, 1989; Parvanova et al., 2004), the level of hydrogen1 knock-out plants. (A) Total MDHAR activity was measured by monitoring NADH
(B) Non-expression of AtMDHAR1 in AtMDHAR1 knock-out plants was conﬁrmed by
y was measured in wild-type and AtMDHAR1 knock-out plants. Results show the
Fig. 4. Redox status and lipid peroxidation. (A) The level of hydrogen peroxide was
determined using FOX reagent. Oxidation of ferrous ion indicated by xylenol orange
wasmeasured spectrophotometrically at 560 nm. (B) DCFHDA ﬂuorescence intensity
was detected using a microplate reader. (C) Lipid peroxidation was estimated by
measuring malondialdehyde (MDA) spectrophotometrically at an absorbance of
532 nm. Each value is the mean ± SD of three replicates (P b 0.05).
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peroxide accumulation was measured by two methods. In one method,
intracellular hydrogen peroxide levels were determined by ferrous ion
oxidation with FOX reagent (Fig. 4A). The cellular hydrogen peroxide
concentration in wild-type plants was 2-fold higher than in transgenic
plants with either the 35S promoter or SWPA2 promoter in the pres-
ence of the stressor, while all of the plants had similar lower levels in
normal condition. The other method was a ﬂuorescence-based assay
using the oxidant (H2O2)-sensitive probe, DCFHDA (Wang and Joseph,
1999). The relative value of the ﬂuorescence intensity was 2-fold and
3.5-fold higher in wild-type plants than in transgenic plants controlled
by either the35S promoter or SWPA2 promoter under stress conditions,
respectively (Fig. 4B).
ROS cause increased malondialdehyde (MDA) as a result of protein
and lipid degradation. To quantify the lipid peroxidation, we measured
MDA contents. The wild-type plants showed 3-fold higher MDA in
freezing conditions compared to normal, while the levels in the trans-
genic plants with the 35S and SWPA2 promoters showed 50% to 75%
of MDA levels compared to wild-type plants (Fig. 4C). These results
show that BrMDHAR-overexpression in transgenic plants led to a reduc-
tion in lipid peroxidation via improved redox status. Redox homeostasis
in transgenic plants with the SWPA2 promoter was better than in trans-
genic plants with the 35S promoter.3.5. Chlorophyll content
Oxidative stress could lead to inhibition of chlorophyll biosynthesis
(Aarti et al., 2006). In this regard, we investigated whether BrMDHAR-
overexpression in transgenic plants had an effect on the chlorophyll
content under freezing-induced oxidative stress (Fig. 5A, B, and C).
The basal level of chlorophyll contained in the plants was similar
among all of the plants in normal conditions. Following freezing injury,
the amount of chlorophyll a and chlorophyll b in the wild-type plants
decreased signiﬁcantly.Wild-type plants had only 60% of the total chlo-
rophyll that transgenic plants had under freezing stress (Fig. 5C). Also,
carotenoid levelswere higher in transgenic plants thanwild-type plants
under freezing stress though therewas nodifference under normal con-
ditions (Fig. 5D). These results suggest that BrMDHAR-overexpression
in transgenic plants activates photosynthesis following an increase in
chlorophyll content in the presence of freezing stress.3.6. Changes in antioxidant enzymes and metabolites in BrMDHAR-
overexpressing transgenic plants
We examined whether BrMDHAR overexpression alleviated redox
homeostasis by itself or via co-regulation with other antioxidant sys-
tems. It has been reported that antioxidant enzymes are up-regulated
under abiotic stresses, thereby interacting with each other (Kingston-
Smith and Foyer, 2000b). Accordingly, the change in expression of anti-
oxidant enzymes involved with the ascorbate–glutathione cycle or cor-
related with the progressive scavenging of ROS was analyzed (Fig. 6A).
Conspicuous induction of antioxidant enzymes in transgenic plants did
not occur under normal conditions, whereas strong induction of an-
tioxidant enzymes in transgenic plants was detected under freezing
conditions when compared towild-type plants. All of the antioxidant
enzymes increased in the transgenic plants controlled by the SWPA2
promoter. These proteins were as follows: ascorbate peroxidase
(APX), dehydroascorbate reductase (DHAR), glutathione reductase
(GR), glutathione peroxidase (GPX), superoxide dismutase (SOD),
and peroxiredoxin Q (PrxQ). Transgenic plants controlled by the
CaMV 35S promoter also showed increased expression of cell rescue
proteins under the same conditions, even though the expression
levels of the antioxidant enzymes were lower than those in the
transgenic plants controlled by the SWPA2 promoter. Expression
intensities of the antioxidant enzymes detected under freezing con-
ditions are quantitatively represented in Fig. 6B relative to the ex-
pression level of wild-type plants under normal conditions. APX
and DHAR were 1.4- or 1.5-fold and 1.8- or 2.2-fold higher in trans-
genic plants controlled by the 35S promoter or SWPA2 promoter
under freezing stress when compared to the wild-type plants, re-
spectively, whichwas closely correlated to the regeneration of ascor-
bate through cooperation with MDHAR. The increase in the ratio of
GR expression was miniscule (1.1- or 1.3-fold), while those of GPX
and SOD expression were more noticeable (1.3- or 2.2-fold and 1.5-
or 1.4-fold) in transgenic plants controlled by the 35S promoter or
SWPA2 promoter. Accumulation of peroxiredoxin Q (PrxQ) was de-
tected in transgenic plants with the SWPA2 promoter, but not in
those with the 35S promoter. Inductions of antioxidant enzymes
were more effective for the SWPA2 promoter than the 35S promoter.
These results showed that ectopic BrMDHAR-overexpression acti-
vated cell rescue proteins involved in the ascorbate–glutathione
cycle in the transgenic plants under freezing stress.
Glutathione, an important antioxidantmolecule involved inmainte-
nance of cellular redox homeostasis, is a necessary cofactor for the
ascorbate–glutathione system. The amount of reduced glutathione
(GSH) as well as the ratio of GSH to oxidized glutathione (GSSG)
was 2-fold higher in transgenic plants than wild-type plants under
freezing (Fig. 6D and E). These results showed that ectopic BrMDHAR-
overexpression activated antioxidant metabolite (GSH) accumulation
Fig. 5. Chlorophyll and carotenoid contents. Chlorophyll and carotenoid contents were spectrophotometrically measured using extracts from fresh leaf tissue. (A) Chlorophyll
a content. (B) Chlorophyll b content. Chlorophyll contents were calculated according to the following formula (chlorophyll a = 13.36 ∗ A664 − 5.19 ∗ A648, chlorophyll
b = 27.43 ∗ A648 − 8.12 ∗ A664). (C) Total chlorophyll content was determined by summating chlorophyll a and chlorophyll b. (D) Carotenoid content was measured at
470 nm using leaf extracts. Carotenoid contents were calculated using the following formula: [carotenoid = (1000 ∗ A470 − 2.14 ∗ chlorophyll a − 97.64 ∗ chlorophyll b) / 209].
Numbers are the means of values from three replicates.
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by the 35S promoter and SWPA2 promoter under freezing stress.
3.7. Transition of protein expression derived from BrMDHAR-overexpression
To determine whether other alterations of protein expression relat-
ed to stress tolerance or ascorbate–glutathione cycling share similarities
with the up-regulation of antioxidant enzymes, two-dimensional poly-
acrylamide gel electrophoresis (2-DE)was performed. A number of pro-
tein spots were analyzed on the gel stained with Coomassie Brilliant
Blue (CBB). Overall, 14 proteins (no. 1–14) were up-regulated in trans-
genic plants controlled by the SWPA2 promoter relative to wild-type
plants under freezing conditions (Fig. 7A). Each protein spot was identi-
ﬁed using MALDI-TOF MS analysis. Consequently, twelve protein spots
could be determined, and it was anticipated that eleven were enzymes
associatedwith either stress tolerance or ascorbate–glutathione recycling.
The proteins were identiﬁed as follows: nos. 1 and 10, ribulose-1.5-
bisphosphate carboxylase/oxygenase (RubisCO) large subunit; nos. 3,
4, and 5, malate dehydrogenase (NAD-dependent); no. 6, catalytic/
triose-phosphate isomerase; no. 8, glutathione peroxidase; no. 9,
ribose 5-phosphate isomerase-related; no. 11, GR-RBP8 (glycine-rich 8);
and no. 14, RCA (RubisCO activase). Due to transcriptional, translational,
post-translationalmodiﬁcations, or thepreparationprocess, identical pro-
teins occupied different spots in some cases (Wilson and Laskowski,
1975). RubisCO (EC4.1.1.39) (no. 1, 10) is bifunctional, leading to catalysis
of either photosynthetic CO2 ﬁxation or photorespiratory carbon ox-
idation in the stroma of the chloroplast (Miziorko and Lorimer, 1983;
Roshni et al., 1992). RubisCO was reportedly oxidized and degraded
in response to oxidative conditions derived from environmental or
chemical stressors (Ferreira and Davies, 1989; Roshni et al., 1992).
Moreover, a protein spot marked no. 14 was identiﬁed as RubisCO
activase, which is required for achieving and maintaining a high level
of catalytic activity of RubisCO (Somerville et al., 1982; Salvucci et al.,
1985, 1986).Malate dehydrogenase (EC 1.1.1.37) (nos. 3, 4, 5) functionsas an essential enzyme in the tricarboxylic acid (TCA) cycle, which cata-
lyzes the conversion ofmalate to oxaloacetate usingNAD+or a reversible
reaction (Nimmo, 1987; Park et al., 1995). Malate dehydrogenase has
been shown to assign resistance to oxidative stress and oxaloacetate,
the product of malate dehydrogenase, as well as to protect neuron cells
and oxidative hemolysis as nonenzymetic antioxidants (Desagher et al.,
1997; Sokołowska et al., 2000;Oh et al., 2002). Catalytic/triose-phosphate
isomerase (EC 5.3.1.1) (no. 6) is an enzyme that catalyzes reversible
interconversion of dihydroxyacetone phosphate and glyceraldehyde
3-phosphate, which participate in a series of processes associated
with glycolysis. Pyruvate, the ﬁnal product of glycolysis, has been
out nonenzymatic antioxidant in several reports (Salahudeen et al.,
1991; Nath et al., 1995; Desagher et al., 1997). Moreover NADH, which
is produced during the conversion of glyceraldehyde 3-phosphate
to glycerate 1,3-bisphosphate, is a major cofactor serving to reduce
power in many enzymatic reactions involving the regeneration of
MDA to AsA by MDHAR. Glutathione peroxidase (no. 8) has been
established as essential antioxidant enzyme in many organisms. Ribose
5-phosphate isomerase (no. 9) catalyzes the interconversion of ribulose-
5-phosphate and ribose-5-phosphate in the non-oxidative phase of the
oxidative pentose phosphate pathway (oxPPP), generating carbon
skeletons for the synthesis of nucleotides, aromatic amino acids,
phenylpropanoids and their derivatives (Mayes, 1993; Xiong et al.,
2009). oxPPP has attracted a great deal of attention since numerous
reports that the pathway played a crucial role in stress responses
(Nogae and Johnston, 1990; Juhnke et al., 1996; Slekar et al., 1996;
Dennis and Blakeley, 2000; Gorsich et al., 2006). It has also been
suggested that glycine-rich RNA-binding protein (no. 11) confers
tolerance against cold or freezing (Carpenter et al., 1994; Sachetto-
Martins et al., 2000; Kim et al., 2005). Finally, protein disulﬁde isom-
erase (PDI) (EC 5.3.4.1) was recognized as protein spot no. 13. PDI
has been described as a molecular chaperone that has the ability to
degrade and refold damaged protein during times of oxidative stress
(Wang and Tsou, 1993; Pirneskoski et al., 2004; Schultz-Norton et al.,
Fig. 6. Changes in expression of antioxidant enzymes and glutathione contents. (A) Alterations of expression levels of antioxidant enzymes were analyzed using immunoblot analysis.
Thirty micrograms of protein extracts was loaded onto the gel, and protein quantity was calibrated based on Tubulin expression. (B) The expression of relative antioxidant enzymes in
the presence of freezingwas quantiﬁed using the ImageJ analysis program. Glutathione content was determined at 412 nm spectrophotometrically with the enzymatic reducing reaction
byGR. Reduced glutathione (GSH) content was calculated by subtracting the oxidized glutathione (GSSG) content from the total glutathione. The values are presented relatively. (C) Total
glutathione content. (D) Reduced glutathione content. (E) Ratio of GSH to GSSG. Numbers are means of values from three experiments. SOD, superoxide dismutase; GPX, glutathione
peroxidase; PrxQ, peroxiredoxin Q; APX, ascorbate peroxidase; GR, glutathione reductase; DHAR, dehydroascorbate reductase.
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involved in tolerance to oxidative stress or retaining redox status
under oxidative conditions. Increased levels of protein expression
were conﬁrmed by semi-quantitative RT-PCR (Fig. 7B). Transcripts
ampliﬁed under freezing conditions were quantiﬁed relative to the
transcript levels of wild-types under normal conditions (Fig. 7C).
Roughly 5–20% higher transcription levels were shown consistently
in transgenic plants with respect to all examined proteins. Therefore,
these results indicated that ectopic BrMDHAR-overexpression inﬂuenced
a wide range of enzymes that impart tolerance to oxidative stress in
transgenic plants under freezing.
3.8. Tolerance to freezing-induced oxidative stress in BrMDHAR-
overexpressing transgenic plants
To analyze stress tolerance to freezing stress caused by BrMDHAR
overexpression in transgenic plants, we observed the phenotype in
freezing and chilling conditions. To thoroughly study the function and
importance of MDHAR, we used AtMDHAR1 gene knock-out plants
(SALK_034893C) in this experiment. The sub-zero temperature appeared
to inﬂict some injuries on the Arabidopsis leaves. After challenge
with freezing stress, the recovery capacity was continually observed
in wild-type, transgenic, and AtMDHAR1 knock-out plants. The re-
covery rate differed among wild-type, transgenic, and AtMDHAR1knock-out plants (Fig. 8A). AtMDHAR1 knock-out plants were hyper-
sensitive to freezing stress, indicating that MDHAR plays a crucial
role in acquiring tolerance in response to freezing. However, under
normal conditions, MDHAR did not seem to play any critical role
since all of the AtMDHAR1 knock-out plants grew without any con-
siderable discrimination (Supporting information Fig. S2). Fresh
weight measurement strongly supported the phenotypic analysis
(Fig. 8B). Speciﬁcally, the fresh weight was 2.5-fold higher in BrMDHAR-
overexpressing transgenic plants than in wild-type plants after challenge
with freezing stress, while there was no difference in the fresh weight
value of wild-type and transgenic plants under normal conditions.
These results suggest that ectopic BrMDHAR-overexpression in the
transgenic plants improves acquired tolerance to freezing stress
with an increase in total biomass, and that MDHAR is very important
to the freezing-induced oxidative stress response because AtMDHAR1
gene knock-out plants were hypersensitive to freezing.
To clarify stress tolerance derived from BrMDHAR-overexpression
in transgenic plants, we examined the growth ability under chilling
conditions (10 °C). The growth ability under low temperature (10 °C)
was observed for 36 days inwild-type and transgenic plants. Transgenic
plants controlled by the 35S promoter or SWPA2 promoter showed
more extended leaves than wild-type plants under chilling conditions
(Fig. 9A). Similar to freezing stress, increased transcripts of BrMDHAR
gene and expression level of BrMDHAR protein were conﬁrmed in
Fig. 7. Comparison of 2-DE patterns between wild-type and transgenic plants controlled by SWPA2 promoter under freezing conditions. (A) A total of 750 μg of protein extracts were
loaded onto the 17 cm, pH 4–7 linear gradient IPG strip in the ﬁrst dimension, separated in the second dimension, and stainedwith CBB. The protein spots that showed higher expression
in transgenic plants thanwild-type plantsweremarkedwith arrows and numbered. (B) Semi-quantitative RT-PCRwas performedwith reference to identiﬁedproteins that showed higher
expression levels in transgenic plants controlled by SWPA2 promoter under freezing conditions. (C) The transcription levels were quantiﬁed numerically using the ImageJ analysis
program. Four independent experiments were conducted.
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expression level of BrMDHAR was 3.7-fold and 3-fold higher in
transgenic plants controlled by the 35S promoter or SWPA2 promoter
than wild-type plants in the presence of chilling (Fig. 9E). Moreover,
up-regulation of related antioxidant enzymes was surveyed (Fig. 9D)
and their expression levels were found to be approximately 7.5% to
90% higher in transgenic plants than wild-type plants when exposed
to chilling. The expression levels were quantiﬁed in Fig. 9E. These re-
sults demonstrated more deﬁnitely that overexpression of BrMDHAR
conferred improved tolerance to various oxidative stresses in transgen-
ic plants, with corresponding to the ﬁndings against freezing stress.
4. Discussion
In this article, we described physiological, biochemical, and genetic
studies that show that BrMDHAR participates in the mechanism in-
volved in cellular redox regulation in A. thaliana. To express a foreign
gene efﬁciently in plants, a good expression system using a proper pro-
moter and optimized conditions for high expression is critical. Improve-
ments in the design of novel promoters and other elements together
with gene targeting will lead to strong improvements in the product
yield of organisms (Choi et al., 2003). Strong constitutive promoters
such as CaMV 35S are generally used for protein expression in plantssuch as A. thaliana, tomato, and tobacco to investigate the stress
tolerance mechanism. However, constant expression of a stress-
inducible transcription factor provokes retardation of plant growth
and development via gene silencing. Taken together, these facts indi-
cate that a promoter capable of more precisely controlling expression
of the target protein under certain exogenous stimuli is required
(Tang et al., 2008). The SWPA2 promoter is a strong, stress-inducible
peroxidase (POD) promoter that is cloned from the sweet potato
(Ipomoea batats (L.) Lam.). The roles of SWPA2 in the presence of envi-
ronmental factors such as H2O2, wounding, and UV treatment have
been characterized in transgenic tobacco plants (Kim et al., 2003;
Tang et al., 2008). The SWPA2 promoter contains several cis element
sequences involved in oxidative stress, indicating that it might be ag-
riculturally valuable for the amelioration of various transgenic plants
such as Arabidopsis with improved tolerance to different stressors
(Tang et al., 2008). To date, the use of the SWPA2 promoter to condi-
tionally induce the expression of antioxidant genes in several plant
systems (choline oxidase, superoxide dismutase, ascorbate peroxi-
dase, and nucleotide diphosphate kinase 2) has made it possible to
develop transgenic plants (potato, tall fescue, and sweet potato)
with an increased tolerance to multiple abiotic stresses (oxidants, salt,
chilling, drought, and high temperature stresses) (Ryu et al., 2009).
Consistent with transgenic plants controlled by the 35S promoter,
Fig. 8. Stress tolerance to freezing in BrMDHAR-overexpressing Arabidopsis. (A) Stress tolerance ofwild-type,BrMDHAR-overexpressing transgenic and AtMDHAR1 knock-out plantswere
assayed by phenotype analysis. Seven-day-old plants transferred into pots with soils were grown for seven days at 22 °C (before stress), challenged by freezing stress (−5 °C, for 16 h,
in dark condition) and then returned to normal growth conditions (22 °C, 100 μmol m−2 s−1 under a 16 h light, 8 h dark cycle) to monitor the recovery rate. The ability to recover
was observed for 18 days. The photographs show the difference in recovery abilities against freezing in wild-type, transgenic and knock-out plants. (B) Fresh weight was measured.
Each independent plant was weighed and results are presented as 10 mg per plant. To conﬁrm freezing tolerance, seven independent experiments were conducted (P b 0.05). K/O,
Arabidopsis knocked out AtMDHAR1.
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acquired tolerance to freezing- or chilling-induced oxidative stress in
transgenic plants (Figs. 8A and 9A). Thus, these results indicated that
ectopic overexpression of the antioxidant gene BrMDHAR under control
of the stress-inducible promoter SWPA2 might be very useful for the
development of environmental stress-tolerant plants or to induce im-
provements in total biomass.
Because excess ROS accumulation by exogenous stimuli such as
freezing stress in plants can damage various cellular components such
as lipids, the ability to scavenge/neutralize ROS by a variety of cell
rescue systems is very important. Plants have evolutionally developed
various antioxidant enzymes including MDHAR (EC 1.6.5.4). The func-
tion of APX is well known in plant antioxidant systems, which catalyze
the oxidation of AsA to MDA to scavenge toxic H2O2 via the ascorbate-
glutathione cycle. To maintain redox homeostasis, regeneration of AsA
from MDA by MDHAR is important. If MDA is not converted to AsA by
MDHAR or reduced ferredoxin, DHA will be produced. The generation
of AsA from DHA occurs via the thiol enzyme, DHAR. AsA recycling byDHAR is not as efﬁcient as MDHAR (Ashraf, 2009), therefore, MDHAR
accumulation is very important to AsA–GSH cycling in Arabidopsis
plants.
MDHAR generally has three important domains that are involved in
the binding of FAD or NAD(P)H and cysteine residues. It was recently
suggested that conserved cysteine residue 117 (C117) of chloroplastic
MDHAR in tomatoes plays an important role in the binding of NADH
by stabilizing the MDHAR structurally by interacting with hydrophilic
amino acids (such as a salt bridge) and maintaining its activity
(Li et al., 2010). It had been reported that overexpression of AtMDHAR
(A. thaliana (L.) Heynh.) and LeMDHAR (tomato; L. esculentum Mill)
conferred enhanced tolerance to ozone, salt, and PEG stresses (Eltayeb
et al., 2007) and low/high temperature and methyl viologen (MV)-
mediated oxidative stress (Olien and Smith, 1977) in transgenic tomato.
But, no phenotypic function of BrMDHAR has been reported in plants
to date.
The BrMDHAR gene was introduced into A. thaliana. B. rapa belongs
to the Brassicaceae family (mustard family) together with A. thaliana,
Fig. 9. Stress tolerance phenotypes and changes in expression levels of antioxidant enzymes inBrMDHAR-overexpressing Arabidopsis against chilling. (A) Stress tolerance ofwild-type and
BrMDHAR-overexpressing transgenic plants was assayed by phenotype analysis. Seven-day-old plants transferred into pots with soil were grown for seven days at 22 °C (before stress),
then challenged by chilling stress (10 °C, 100 μmol m−2 s−1 under a 16 h light, 8 h dark cycle) tomonitor the growth rate. Growth was observed for 36 days. The photographs show the
difference in growth in wild-type and transgenic plants. Total RNA and proteins were extracted from the leaves of 14-day-old plants under normal and 28-day-old plants under chilling
conditions. (B) Transcriptional analysis was conducted by semi-quantitative RT-PCR using speciﬁc primer sets including BrMDHAR (upper panel). (C) BrMDHAR protein expression was
conﬁrmed by Western blot analysis using anti-BrMDHAR antibody. (D) Alterations of expression of antioxidant enzymes were analyzed using immunoblot analysis. (E) The expression
levels of relative antioxidant proteins were quantiﬁed numerically using the ImageJ analysis program. The independent experiments were repeated more than four times. Untreated,
plants grown under normal conditions for 14 days; chilling treated, plants grown for 24 days under chilled conditions (10 °C).
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(cytosolic form). Since B. rapa is a subarctic plant that shows opti-
mal growth at 18–21 °C, we tested the tolerance of BrMDHAR-
overexpressing transgenic Arabidopsis against oxidative stresses such
as freezing or chilling. The BrMDHAR overexpressing transgenic plants
under control of either the 35S promoter or SWPA2 promoter activated
antioxidant enzymes (APX, DHAR, and GR) involved in the ascorbate–
glutathione cycle as well as other antioxidant enzymes containing
SOD, GPX, and Prx Q (Fig. 6A) and metabolites including ascorbate
(Fig. 3) and glutathione (Fig. 6C, D and E) under freezing or chilling
stress when compared to wild-type plants. This led to an alleviated
redox status exhibiting lower levels of hydrogen peroxide and lipid
peroxidation (Fig. 4) and higher levels of chlorophyll (Fig. 5). Conse-
quently, these alterations conferred acquired tolerance to freezing
(Fig. 8A) and chilling stresses (Fig. 9A) and induced an increase in
total biomass (Fig. 8B).
It had been reported that overexpression ofMn-SOD led to increased
MDHAR, DHAR, and GR activities in maize (Kingston-Smith and Foyer,
2000a) corresponding to our results that BrMDHAR overexpression
led to up-regulation of relative antioxidant enzymes. In addition, a highlevel of ascorbate accumulation has been reported to be the primary an-
tioxidant response of plants to stress (Nakano and Asada, 1987; Njus
et al., 1991; Mehlhorn et al., 1996), and the ascorbate content under
stress conditions has been shown to be increased through ascorbate
recycling by MDHAR or DHAR (Chen et al., 2003). Similarly, the
high concentration of ascorbate content under freezing observed in
our study was thought to be attributable to recycling by reductase
rather than synthesis by ascorbate synthetases such as galactose de-
hydrogenase because the activity of galactose dehydrogenase was
higher in wild-type plants than transgenic plants under freezing
conditions (Supporting information Fig. S3).
Overall, the results of this study showed that (i) as shown by the
35S promoter, BrMDHAR-overexpression under regulation of SWPA2
promoter supported that gene expression by SWPA2 promoter is pub-
licly available in Arabidopsis plants which has good agreement with
the overexpression data from the literature for Arabidopsis plants,
(ii) BrMDHAR overexpression speciﬁcally improved and enhanced
stress tolerance in transgenic plants as indicated by increases in the
total biomass, and (iii) ectopic expression of BrMDHAR in transgenic
plants alleviated redox status by co-activating a variety of antioxidant
399S.-Y. Shin et al. / South African Journal of Botany 88 (2013) 388–400enzymes, molecules and other stress tolerant-correlating enzymes.
Although it is not clear how the BrMDHARprotein interacts and precise-
ly functions in planta, our observations suggest that BrMDHAR is a crit-
ical component of cell rescue systems to protect against damage from
freezing-induced oxidative stress in plants.
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